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The disseminated characteristics of human glioblastoma
multiforme (GBM) make it a particularly difficult tumor
to treat with long-term efficacy. Most preclinical models
of GBM involve treatment of a single tumor mass. For
therapeutic outcomes to translate from the preclinical to
the clinical setting, induction of an antitumor response
capable of eliminating multifocal disease is essential. We
tested the hypothesis that expression of FIt3L (human
soluble FMS-like tyrosine kinase 3 ligand) and TK (her-
pes simplex virus type 1-thymidine kinase) within brain
gliomas would mediate regression of the primary, treated
tumor mass and a secondary, untreated tumor growing
at a distant site from the primary tumor and the site of
therapeutic vector injection. In both the single-GBM and
multifocal-GBM models used, all saline-treated control
animals succumbed to tumors by day 22. Around 70%
of the animals bearing a single GBM mass treated with
an adenovirus expressing Flt3L (AdFIt3L) and an adeno-
virus expressing TK (AdTK + GCV) survived long term.
Approximately 50% of animals bearing a large primary
GBM that were implanted with a second GBM in the
contralateral hemisphere at the same time the primary
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tumors were being treated with AdFIt3L and AdTK also
survived long term. A second multifocal GBM model,
in which bilateral GBMs were implanted simultaneously
and only the right tumor mass was treated with AdFIt3L
and AdTK, also demonstrated long-term survival. While
no significant difference in survival was found between
unifocal and multifocal GBM-bearing animals treated
with AdFIt3L and AdTK, both treatments were statisti-
cally different from the saline-treated control group (p <
0.05). Our results demonstrate that combination therapy
with AdFIt3L and AdTK can eradicate multifocal brain
tumor disease in a syngeneic, intracranial GBM model.
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lioblastoma multiforme (GBM) is the most aggres-
Gsive, rapidly progressing, and difficult to treat pri-

mary brain tumor. Classical GBMs do not have
a single central tumor mass but disseminate throughout
the brain.!~3 Even with the most aggressive treatments
currently available, disease recurrence is nearly inevi-
table; only 29.1% of patients survive 1 year from diag-
nosis.* During surgical resection of GBM, tumor cells
cannot be removed completely due to the disseminated
nature of this tumor, and this is believed to be the cause
of tumor recurrence.’ Therefore, therapeutic approaches
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that are able to target and eliminate disseminated GBM
foci would be anticipated to translate more efficaciously
into the clinical setting. Gene therapy strategies utilizing
oncolytic, replicating viral vectors have so far been the
only treatment to show efficacy in models of multifocal
GBM..c10

Immunotherapy is another promising approach for
treating disseminated GBM in human patients. Sev-
eral immunotherapeutic approaches have used tumor
vaccines to stimulate a highly specific and targeted
immune response directed against tumor-specific anti-
gens. These approaches require the recruitment and
activation of antigen-presenting cells (APCs) within the
tumor mass.!! Since dendritic cells (DCs) are the most
efficient APCs,'>!3 many preclinical and clinical trials
employ DCs loaded with tumor lysates or specific tumor
antigens'!¥ to induce an immunotherapeutic antitumor
effect.

Flt3L (human soluble FMS-like tyrosine kinase
3 ligand) stimulates maturation and proliferation of
DCs'?2! and natural killer (NK) cells.?? Treatment of
solid tumors with recombinant Flt3L protein slows dis-
ease progression in models of breast cancer and leuke-
mia and decreases the number of metastases in models
of colon adenocarcinoma, sarcoma, and melanoma.?3-%’
Also, in sarcoma models, the administration of recombi-
nant Flt3L protein induces significant tumor regression
and immunological memory.?¢-28 However, Flt3L recom-
binant protein has not been efficacious in the treatment
of sarcoma and melanoma tumors when implanted in
the brain.?3 This has been attributed to the dose, short
half-life, or distribution of the cytokine, as well as to
tumor antigen availability.

We have recently demonstrated that injection of an
adenoviral (Ad) vector expressing Flt3L (AdFIt3L) into
the brain of rats induces a specific increase in the num-
ber of interferon alpha (IFN«)-secreting plasmacytoid
dendritic cells (pDCs) within the parenchyma.!” In a
syngeneic intracranial glioma model in rats, we found
that AdFlt3L improves survival when tumors are treated
within 3 days of tumor implantation.?’ However, the
efficacy of this treatment inversely correlates to tumor
volume. Thus, we combined AdFIt3L with an Ad vector
expressing herpes simplex virus type 1-thymidine kinase
(AdTK), which prolonged survival in more than 70%
of treated animals by inducing an antitumor immune
response.3? In this experimental paradigm, TK in the
presence of the prodrug ganciclovir (GCV) kills glioma
cells,3132 inducing the release of antigens that can be
taken up by Flt3L-recruited DCs.

Although preclinical models of GBM share many
pathological features with human GBM, 3 they do not
fully mimic the disseminated nature of the human dis-
ease. In this study, we aimed to determine whether the
antitumor response generated by combined treatment
with AdFlIt3L and AdTK would be effective in a multifo-
cal intracranial GBM model in rat. Thus, we implanted
CNS-1 rat glioma cells bilaterally in both brain hemi-
spheres and administered AdFlt3L combined with AdTK
unilaterally, leaving the second tumor untreated. The
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results of this study demonstrates that the antitumor
response generated by AdFIt3L and AdTK is effective
at eliminating both the primary treated and the second-
ary, distant untreated tumor. Our results suggest that
this gene therapeutic approach would be effective in
eliminating glioma cells that disseminate from the main
tumor mass throughout the normal brain parenchyma,
and support further development of TK in combination
with Flt3L for translation into a phase I clinical trial.

Materials and Methods

Adenoviral Vectors

The first-generation replication-defective recombinant
adenovirus type 5 vectors (Ad) expressed TK (AdTK)
or soluble human Flt3L (AdFIt3L) under the transcrip-
tional control of the human cytomegalovirus intermedi-
ate early promoter embedded within the E1 region.?* Ad
0 (containing no transgene) was used as a control virus.
The construction of these vectors has been described in
detail previously.!®2%30:35:3¢ The vectors were scaled up
by infecting human embryonic kidney (HEK 293) cells
with a multiplicity of infection of 3 infectious units (IU)/
cell of vector seed stock. The cells were harvested 48
h later and lysed with 5% deoxycholate and DNase I,
and Ad vectors were purified by ultracentrifugation over
two cesium chloride step gradients.?*3” Vectors were
titered in triplicate by end-point dilution, cytopathic
effect (CPE) assay.>* The titers were 3.28 x 10" IU/ml
for AdTK?%3% and 4.10 x 10'° IU/ml for AdFIt3L.1%-2%-30
The vector preparations were screened for the presence
of replication-competent adenovirus (RCA)3*3% and for
lipopolysaccharide (LPS) contamination (Cambrex, East
Rutherford, NJ, USA).3*3° Virus preparations used were
free of RCA and LPS contamination (Fig. 1A).

Vector Characterization

Physical titration of Ad vectors by spectrophotometry
was based on the absorption of pure adenovirus at 260
nm*® as previously described in detail.*! An optical
density at 260 nm of 1.00 corresponds to a viral par-
ticle (VP) concentration of 1.1 X 10'> VP/ml based on a
36-kb size of the wild-type particle genome. Biological
titrations of Ad vectors expressing TK and Flt3L were
titrated by quantifying the IU per milliliter, using the
end-point CPE method in 96-well plates.*>*

Syngeneic Intracranial Rat Tumor Models

Intracranial GBM model; single tumor mass. Male Lewis
rats (220-250 g; Harlan, Indianapolis, IN, USA) were
unilaterally injected into the striatum (+1 mm bregma,
+3 mm lateral, and -4 mm from the dura) with 5,000
CNS-1 cells stably transfected with firefly luciferase. Ten
days later, utilizing the same drill hole, saline, taAdflt3L
and AdTK (5 x 107 IU each) were delivered within the

tumor mass using the same coordinates as those used
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for implantation of CNS-1 cells. Twenty-four hours
after delivery of viral vectors, animals that received
AdTK began treatment with GCV (25 mg/kg, intrap-
eritoneal [IP] injection), twice daily for 7 days. Animals
were monitored daily and euthanized at the first signs of
moribund behavior or at predetermined time points for
neuropathological analysis and ELISA. Euthanasia was
conducted under deep anesthesia by terminal perfusion.
Animals were housed in a humidity- and temperature-
controlled vivarium on a 12-h light/ 12-h dark cycle
(lights on 07:00) with free access to food and water. All
experimental procedures were carried out in accordance
with the NIH Guide for the Care and Use of Labora-
tory Animals.

Multifocal tumor models. Rats were injected with 5,000
CNS-1 cells followed 10 days later by intratumoral injec-
tion of either saline or AdFIt3L and AdTK (5 x 107 IU
each). Following saline or AdFIt3L and AdTK injection,
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Fig. 1. Adenoviral (Ad) vector expressing human soluble FMS-like
tyrosine kinase 3 ligand (AdFIt3L) and an Ad vector expressing her-
pes simplex virus type 1-thymidine kinase (AdTK) efficiently trans-
duce intracranial CNS-1 rat glioma tumors. (A) Titers of the Ad viral
vector preparations. Total viral particles (VP) were measured by
optical density at 260 nm; infectious units (IU) were assessed by
cytopathic effects (CPE) on human embryonic kidney (HEK 293)
cells; lipopolysaccharide (LPS) contamination and replication-
competent Ad (RCA) contamination by supernatant rescue on
HelLa (ATCC Number: CCL-2) cells were evaluated for both of the
vectors after cesium chloride purification. (B) Schematic represen-
tation of the experimental paradigm in which male Lewis rats were
unilaterally implanted with 5,000 CNS-1 glioma cells and treated
10 days later by intratumoral injection of either saline, Ad 0, or
AdFIt3L and AdTK. Twenty-four hours after Ad delivery, ganci-
clovir (GCV) was administered twice daily for 7 days (25 mg/kg,
intraperitoneally). Animals were euthanized 15 days after CNS-1
cell implantation to determine levels of transgene expression. (C
and D) Transgene expression was also detected in AdFIt3L/AdTK-
treated survivors 22 days after tumor implantation. FIt3L ELISA
was performed in homogenized brain extracts (C) and serum (D).
Columns represent the mean + SEM of FIt3L concentration; *p <
0.01 versus saline group; Ap < 0.05 versus AdFIt3L + AdTK day 15
(one-way analysis of variance followed by Bonferroni posttest; n =
4/group). (E and F) Transgene expression was also determined by
immunocytochemistry in brain tumor sections 15 days after tumor
implantation. Confocal images show colocalization of vimentin
staining in CNS-1 cells (red) and FIt3L (E, green) or TK (F, green).
Merged images show colocalization of vimentin and transgene
(yellow). Scale bar =50 pm.

5,000 CNS-1 cells were injected into the contralateral
striatum. Twenty-four hours later, animals were treated
with GCV (25 mg/kg, IP) twice daily for 7 days. In the
second multifocal GBM model used, animals were
injected at the same time with 5,000 CNS-1 cells bilat-
erally, followed 4 days later by unilateral, intratumoral
injection of saline or AdFIt3L and AdTK (5 x 107 IU
each). Twenty-four hours later, all animals were treated
with GCV (25 mg/kg, IP) twice daily for 7 days. Ani-
mals were monitored daily and euthanized at the first
signs of moribund behavior or at day 4, 9, or 45 for
neuropathological analysis. Results shown are represen-
tative of two independent experiments.

Human Soluble Flt3L ELISA

Human soluble Flt3L was assessed within homogenized
tumor or striatal extracts taken day 15 or 22 after
tumor cell implantation and from serum collected prior
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to perfusion (n = 4-10/group). Samples were measured
utilizing a specific human soluble Flt3L ELISA system
(R&D Systems, Minneapolis, MN, USA) following the
manufacturer’s instructions,!%2%3!

Immunocytochemistry

Following perfusion, brains to be used for immunocy-
tochemistry (ICC) were fixed in 4% paraformaldehyde
(n = 4/group). Sixty-micrometer serial coronal sections
were cut through the striatum. Free-floating ICC was
performed to detect inflammatory and immune cell
markers. Briefly, endogenous peroxidases were inacti-
vated with 0.3% hydrogen peroxide, followed by block-
ing in 10% horse serum/phosphate-buffered saline.
Sections were incubated overnight with primary anti-
body: anti-CD68 (clone ED1 to identify macrophages/
activated microglia; 1:1,000), anti-major histocompat-
ibility complex II (anti-MHC II; to identify immune
cells; 1:1,000), and anti-CD8 (to identify cytotoxic T
cells; 1:1,000), obtained from Serotec (Raleigh, NC,
USA). Antivimentin (1:1,000; Sigma, St. Louis, MO,
USA) was used to detect CNS-1 cells. To assess brain
neuropathology, myelin basic protein (MBP; 1:1,000;
Chemicon, Billerica, MA, USA) and tyrosine hydroxy-
lase (TH; 1:1,000; Calbiochem, San Diego, CA, USA)
immunoreactivity was evaluated. Binding of biotiny-
lated secondary antibody against either mouse or rabbit
immunoglobulins (1:1,000; Jackson Immunochemicals,
West Grove, PA, USA) was detected using the Vectastain
Elite ABC horseradish peroxidase method (Vector Labo-
ratories, Burlingame, CA, USA). After developing with
diaminobenzidine and glucose oxidase, sections were
mounted on gelatinized glass slides and dehydrated
through graded ethanol solutions. Tissues were analyzed
and photographed using a Carl Zeiss Optical Axioplan
microscope (Carl Zeiss, Chester, VA, USA).

Nissl staining was used to determine the histo-
pathological features of the brains. Brain sections were
mounted and incubated in cresyl violet (0.1%; Sigma).
Sections were passed through destain solution (70% eth-
anol, 10% acetic acid) and dehydrated (100% ethanol
and xylene). Sections were analyzed and photographed
using a Zeiss Axioplan microscope.

Ad-expressed transgenes were detected utilizing
custom-generated rabbit antibodies specific to TK35#44
or human soluble Flt3L!%3%3144 (developed in rabbit;
1:1,000) combined with the mouse antivimentin anti-
body. Alexa 488 directly conjugated fluorescent second-
ary antibodies (1:1,000) were used to detect transgenes
(Invitrogen, Carlsbad, CA, USA). Sections were mounted
with ProLong Antifade mounting media (Invitrogen,
Carlsbad, CA, USA).

Confocal Microscopy

Confocal micrographs were obtained using a Leica TCS
SP2 confocal microscope with an acousto-optical beam
splitter, equipped with a 405-nm violet diode ultraviolet
laser, 488-nm argon laser, and 594- and 633-nm heli-
um-neon lasers and using an HCX PL APO x 63 1.4
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numerical-aperture oil objective (Leica Microsystems
Heidelberg, Mannheim, Germany).

Statistical Analysis

Statistical analyses were performed using Graphpad
Prism (version 3.03; Graphpad Software, San Diego,
CA, USA). FIt3L ELISA measurements were compared
by one-way analysis of variance tests followed by the
Bonferroni multiple comparison test. Survival curves
were compared using the Mantel-Haenszel log-rank test;
p < 0.05 was considered significant. All experiments
were performed at least twice.

Results

Quality Control of Ad Vectors

AdFIt3L and AdTK were generated as described pre-
viously.2%3%35 Recent FDA guidelines require the use of
therapeutic Ad vectors with a ratio of total viral particles
to therapeutic viral particles of no more than 30:1.4¢ The
VP/1U ratio represents the proportion of the total par-
ticles that are infectious and can therefore express the
encoded therapeutic transgenes. Moreover, because the
viral particles themselves may mediate dose-dependent
acute toxicity,*”=5! high levels of noninfectious particles
(reflected in a high VP/IU ratio) may increase toxicity
and decrease benefit. Both viral preparations utilized for
our experiments showed a VP/IU ratio of 18 and were
LPS and RCA negative (Fig. 1A).

Flt3L and TK Expression within the Intracranial
GBM Mass: Widespread Therapeutic Gene Expression
within the Tumor and Levels of FIt3L in the
Peripheral Circulation

Animals implanted with CNS-1 glioma cells succumb
to tumors within 3 weeks if AdFIt3L and AdTK treat-
ment does not eradicate the tumor.?%3° FIt3L and TK
delivered by Ad vectors are hypothesized to induce high
levels of tumor regression by infecting CNS-1 cells and
inducing a systemic antitumor immune response.’’ Male
Lewis rats were unilaterally implanted with 5,000 syn-
geneic CNS-1 glioma cells into the striatum. Ten days
later saline, Ad 0 (control virus expressing no transgene),
or AdFIt3L and AdTK were intratumorally delivered,
followed by the administration of GCV twice daily for 1
week. Animals either were euthanized at day 15 and day
22 postimplantation for analysis of transgene expression
and tumor regression or were evaluated for long-term
survival (Fig. 1B). At day 15 after tumor implantation,
untreated animals began to succumb to tumors. At day
22, after the cessation of GCV, tumor regression, if suc-
cessful, had been fully initiated.

Neither saline nor Ad 0 treatment induced detect-
able levels of human soluble FIt3L in CNS or serum
(Fig. 1C,D). At both time points, animals treated with
AdFIt3L and AdTK showed high levels of FIt3L, detect-
able both locally in the CNS (Fig. 1C) and in the periph-



eral circulation in serum (Fig. 1D). Brain levels of Flt3L
expression diminished between day 15 and day 22 (Fig.
1C; p < 0.05), as the tumor regressed.

In order to detect intratumoral transgene expres-
sion, a group of animals did not receive GCV, to allow
maximum detection of TK expression without GBM cell
death. Expression of Flt3L (Fig. 1E) and TK (Fig. 1F)
was widely distributed within the intracranial tumor
mass 5 days after treatment in vimentin-positive CNS-1
glioma cells.

Combined GBM Treatment with AdFIt3L and AdTK:
Tumor Regression, Neuropathology,
and Immune Infiltrates

To assess tumor progression in control and AdFIt3L/
AdTXK-treated animals, neuropathological analysis was
conducted at days 15 and 22 after CNS-1 cell implan-
tation and in long-term survivors at days 60 and 240
postimplantation. Vimentin staining clearly delineated
the tumor area encompassing most of the left striatum
in saline- or Ad O-treated tumors at day 15 (Fig. 2A,B).
Conversely, vimentin staining at day 15 in AdFIt3L/
AdTK-treated animals showed a smaller tumor mass
that was absent by day 22 and was likewise not detect-
able 60 or 240 days after GBM implantation (Fig. 2A,B).
Treated tumor-bearing animals euthanized at days 22,
60, and 240 after CNS-1 cell implantation showed
vimentin staining consistent with reactive astrocytes,
not CNS-1 tumor growth, both at the injection site and
in adjacent areas (Fig. 2A). Positive vimentin staining for
reactive astrocytes was limited to the ipsilateral hemi-
sphere and corpus callosum, as shown in higher mag-
nification images of treated animals euthanized 60 days
after tumor implantation (Fig. 2B).

In the presence of a lesion, astrocytes become acti-
vated, up-regulating synthesis of a number of struc-
tural proteins, such as glial fibrillary acidic protein and
vimentin.*?-*3 Up-regulation of vimentin expression
indicates the existence of astrocyte hypertrophy and
gliosis, which is a typical response to a brain lesion.**
CNS-1 tumors, regardless of the treatment modality,
are heavily infiltrated with immune cells (MHC 11, Fig.
2C) absent from the normal brain parenchyma. Notably,
CNS-1 tumors are highly infiltrated with macrophages/
activated microglia (CD68, Fig. 2C). Both CD68- and
MHC II-immunoreactive cells decreased by day 22 in
AdFIt3L/AdTK-treated animals, indicating a gradual
decrease in immune cell infiltration as tumor regression
occurred (Fig. 2C).

Elimination of Multifocal Disease by Combined
Flt3L and TK Expression

Considering that human glioblastoma is a disseminated
disease, we aimed to test whether AdFIt3L and AdTK
administration within a large single tumor mass would
induce an effective antitumor response that would elimi-
nate tumor cells located at a distant site in relation to
the primary treated tumor. Thus, we determined whether
AdFlt3L and AdTK would be effective in eliminating

King et al.: Multifocal glioma therapy

Fig. 2. Combined gene therapy with adenoviral (Ad) vector express-
ing human soluble FMS-like tyrosine kinase 3 ligand (AdFIt3L) and
an Ad vector expressing herpes simplex virus type 1-thymidine
kinase (AdTK) induces regression of syngeneic glioblastoma multi-
forme in the rat brain. Lewis rats were unilaterally implanted with
5,000 CNS-1 glioma cells and treated 10 days later by intratumoral
injection of either saline or AdFIt3L and AdTK. Twenty-four hours
after viral delivery, ganciclovir (GCV) was administered twice daily
for 7 days (25 mg/kg, IP). (A) Vimentin staining shows the appear-
ance of the brains of animals after different treatments. Numbers
in boxes indicate the approximate location of higher magnification
images shown in B. Scale bar = 1,000 pm. (B) High-magnification
images of vimentin-stained brains from moribund saline-treated
animals (1, 2) or AdFIt3L/AdTK-treated animals 60 days after tumor
implantation (3, 4). For each condition, representative images show
vimentin staining within the tumor or the scar area at the site of
tumor regression. Areas adjacent to the immediate tumor mass or
scar are shown. Scale bar = 50 um. (C) Representative images of
brain sections from animals euthanized at the indicated time points
after treatment that were evaluated for macrophage/activated
microglia (CD68) and immune cell (major histocompatibility com-
plex I [IMHC I1]) infiltration. Scale bar =50 pm.

tumor cells implanted at the contralateral hemisphere
from the primary treated lesion in a multifocal glioma
model. CNS-1 cells were implanted into the striatum,
followed 10 days later with injection of either saline or
AdFlIt3L and AdTK into the primary tumor mass. A sec-
ond tumor was implanted in the contralateral hemisphere
(Fig. 3A) on the same day the treatment was delivered to
the primary tumor. As a control for treatment efficacy,
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Fig. 3. Efficacy of human soluble FMS-like tyrosine kinase 3 ligand
(FIt3L) and herpes simplex virus type 1-thymidine kinase (TK)-
mediated gene therapy in a model of multifocal intracranial glio-
blastoma multiforme. (A) Diagram of the multifocal brain tumor
model and treatment with adenoviral (Ad) vector expressing FIt3L
(AdFIt3L) and Ad vector expressing TK (AdTK). Animals received
5,000 CNS-1 cells into the left striatum followed 10 days later
by intratumoral injection of either saline or AdFIt3L and AdTK.
Immediately after intratumoral Ad vector administration, a sec-
ond distant GBM was implanted (5,000 CNS-1 rat glioma cells)
in the contralateral striatum. No treatment was administered to
the second tumor. Animals received ganciclovir (GCV) 24 h after
Ad vector injection (25 mg/kg, twice daily for 7 days). Animals
were monitored for survival and euthanized at the first signs of
moribund behavior. AdFIt3L/AdTK-treated animals surviving to 60
days were euthanized for neuropathological analysis. (B) Survival
curve for multifocal tumors treated with saline (n = 6, solid squares)
or AdFIt3L and AdTK (n = 11, solid triangles) and unifocal tumors
treated with saline (n =5, open squares) or AdFIt3L and AdTK (n =
10, open triangles), which were used as positive controls of effica-
cious AdFIt3L and AdTK therapy; *p < 0.05 versus saline *p < 0.05
versus saline (Mantel-Haenszel log rank test).

single tumors were implanted and treated 10 days later
with either saline or AdFlt3L and AdTK to evaluate long-
term survival and therapeutic efficacy. All saline-treated
animals implanted with either single or multifocal GBMs
succumbed to tumors by day 22 (Fig. 3B) and showed
tumors in one or both hemispheres, respectively. Approx-
imately 50% of animals bearing multifocal GBM treated
with AdFIt3L and AdTK survived to 60 days (Fig. 3B),
and we observed >70% long-term survival of the animals
bearing a single GBM mass treated with AdFlt3L and
AdTK (Fig. 3B). Both treatments were statistically dif-
ferent from the saline-treated control group (p < 0.05).
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No significant difference in survival was found between
unifocal and multifocal GBM-bearing animals treated
with AdFIt3L and AdTK.

Untreated multifocal tumors were evaluated on the
day of treatment (day 10) for the presence of primary
and secondary tumor masses (Fig. 4A) and for tumor
appearance and tumor-infiltrating immune cell mark-
ers (Fig. 4B,C). Both primary (Fig. 4B) and second-
ary tumors (Fig. 4C) were readily visible by Nissl and
vimentin staining. They were profusely infiltrated with
immune cells (Fig. 4B,C), as determined by MHC II
staining, some of which were macrophages/activated
microglia (CD68, Fig. 4B,C).

The AdF1t3L/AdTK-treated animals that did not sur-
vive to 60 days due to the primary tumor mass resolved
the secondary contralateral tumor (Fig. 5A). The multi-
focal tumor-bearing animals that had been treated with
AdFIt3L and AdTK and survived to day 60 displayed
injection scars at both the primary and secondary tumor
implantation sites (Fig. 5B). The hemisphere where the
primary tumor was implanted, treated, and resolved
displayed an enlarged lateral ventricle consistent with
striatal tissue loss due to the regression of a very large
intracranial tumor mass. We determined whether the
ventriculomegaly observed in the long-term survivors
after successful gene therapy was due to tumor regression
or Ad injection and GCV treatment. Naive animals were
injected with Ad 0 or AdFIt3L and AdTK, and then all
animals were treated with GCV and euthanized 60 days
later. Nissl staining showed the site of injection without
ventriculomegaly or any other noticeable neuropatho-
logical changes to the brain parenchyma (Fig. 5C). Stain-
ing for the inflammatory marker CD68 (macrophages/
activated microglia) showed injection-site—specific
infiltration. However, no cytotoxic T cells (CD8) were
detected in the brain parenchyma of the Ad-injected
animals, indicating that low-level innate inflammation
persisted 60 days after Ad injection only in the imme-
diate area of injection in the area where a scar formed
(Fig. 5C). No noticeable neuropathological changes were
found in brains receiving AdFlt3L and AdTK, which
induces death only of actively dividing cells upon GCV
administration, indicating that this treatment alone does
not induce damage to the normal brain parenchyma.

In order to assess whether the administration of
AdFIt3L and AdTK to a tumor mass would elicit regres-
sion of a second established distant tumor, we developed
a multifocal GBM model in which CNS-1 cells were
simultaneously bilaterally implanted into the striatum
of Lewis rats. Four days later, saline or AdFIt3L and
AdTK were unilaterally injected into the right tumor
mass (Fig. 6A). All animals were treated with GCV
twice daily for 7 days beginning the day after viral vec-
tor administration. Groups of animals were euthanized
at day 4 to examine tumor volume at the time of treat-
ment, ensure growth of tumors in both hemispheres, and
examine the structural integrity of the brain. Nissl stain-
ing was used to observe the appearance of the tumors,
which were well developed in both hemispheres (Fig.
6B) in all experimental animals. MBP and TH immuno-
reactivity was excluded from the growing tumor mass
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Fig. 4. Characteristics of the syngeneic, intracranial, multifocal glioma model: histological features and immune infiltrates. (A) Repre-
sentative Nissl staining of brains from animals bearing multifocal glioblastoma multiforme tumors treated with saline. Boxes represent
approximate locations of higher magnification images. Scale bar = 1,000 um. The diagram represents the implantation of the primary
and secondary tumor masses. The box represents approximate location of higher magnification images. (B) Immunocytochemistry of the
primary tumor showing vimentin-expressing cells (CNS-1 rat glioma cells) and cells immunoreactive for major histocompatibility complex II
(MHC II; immune cells) and CD68 (macrophages/activated microglia). Scale bar represents 500 um for lower magnification images and 50
wm for higher magnification images. (C) Immunocytochemistry of secondary tumor showing vimentin-expressing cells (CNS-1 rat glioma
cells and reactive astrocytes) and cells immunoreactive for MHC Il (immune cells) and CD68 (macrophages/activated microglia). Scale bar
represents 500 um for lower magnification images and 50 wm for higher magnification images.

(Fig. 6B). Myelinated fibers were found throughout the
corpus callosum and the fiber tracts of the striatum, as
expected. No other gross alterations in MBP or TH dis-
tribution were apparent. Bilateral GBM tumors grew
in all animals, and when they were treated with saline,
they succumbed to their tumors by day 15 (z = 7; Fig.
6C). However, animals that received AdFIt3L and AdTK
showed 80% survival to day 60 (z = 6; Fig. 6C), which
was significantly different from the survival of untreated
animals (p < 0.05).

To evaluate tumor regression and immune cell infiltra-

tion into the tumor mass in control and AdFIt3L/AdTK-
treated animals, groups of animals were euthanized §
days after treatment, on day 9 after GBM implantation
(Fig. 7A,B). In all saline-treated animals examined,
large tumors were evident in both hemispheres (Fig.
7A). Although tumors were evident in AdFIt3L/AdTK-
treated animals 5 days after treatment, they were much
smaller than in the saline-treated animals (Fig. 7B). In all
tumors, immune infiltration was detected by ICC using
specific antibodies for macrophages/activated microglia
(CD68), T cells (CD8), and APCs (MHC II) (Fig. 7A,B).
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Fig. 5. Human soluble FMS-like tyrosine kinase 3 ligand (FIt3L) and herpes simplex virus type 1-thymidine kinase (TK)-mediated gene
therapy induces tumor regression in the multifocal, intracranial glioblastoma multiforme (GBM) model. (A and B) Representative Nissl
stain of multifocal tumors, in which the primary tumor mass had been treated with AdFIt3L and AdTK followed by GCV administration.
Animals received 5,000 CNS-1 rat glioma cells into the left striatum followed 10 days later by intratumoral injection of adenoviral (Ad)
vector expressing FIt3L (AdFIt3L) and an Ad vector expressing TK (AdTK). Immediately after intratumoral viral vector administration, a
second distant GBM was implanted (5,000 CNS-1 cells) in the contralateral striatum. No treatment was administered to the second tumor.
Animals receiving AdTK began receiving ganciclovir (GCV) 24 h after Ad vector injection (25 mg/kg, twice daily for 7 days). Animals were
euthanized as they became moribund or at 60 days postimplantation (long-term survivors) for neuropathological analysis. (A) Represen-
tative Nissl stain of an animal that required euthanasia at day 20 after implantation of the primary tumor. Boxes represent approximate
location of the higher magnification images of the primary large tumor mass (1) and the site in the contralateral hemisphere where the
second tumor was implanted (2). Scale bar = 1,000 um. Immunocytochemistry for cells immunoreactive for vimentin (CNS-1 cells and
reactive astrocytes), major histocompatibility complex Il (MHC II; immune cells), and CD68 (macrophages/activated microglia) within the
primary (1) and secondary (2) tumors. Boxes represent approximate area shown in the higher magnification images to the right. Scale bars
=500 pm and 50 um, respectively. (B) Representative image from the brain of a rat euthanized at the end of the experiment (day 60 after
primary CNS-1 rat glioma cell implantation). Arrowheads indicate location of primary and secondary tumor injection sites. Boxes represent
approximate location of the higher magnification images of site of primary tumor injection (1) and the site in the contralateral hemisphere
were the second tumor was implanted (2). Immunocytochemistry for cells immunoreactive for vimentin (CNS-1 tumor cells and reactive
astrocytes), MHC Il (immune cells), and CD68 (macrophages/activated microglia) within the primary (1) and secondary (2) tumor sites
are shown. Scale bars represent 500 um and 50 um, respectively. (C) Naive rats were unilaterally injected into the striatum with Ad 0 or
AdFIt3L and AdTK. GCV administration began 24 h after viral vector injection in all animals. Animals were euthanized 60 days later and
evaluated for neuropathology (Nissl) and immune infiltrates (CD68, CD8). Box in the Nissl stain indicates the approximate location of higher
magnification images. Scale bars = 1,000 um and 50 um, respectively.
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Fig. 6. Efficacy of adenovirus (Ad)-mediated gene therapy using Ad
vector expressing human soluble FMS-like tyrosine kinase 3 ligand
(AdFIt3L) in combination with an Ad vector expressing herpes sim-
plex virus type 1-thymidine kinase (AdTK) plus ganciclovir (GCV)
in a model of multifocal glioblastoma multiforme with two GBM
tumors implanted simultaneously and treatment delivered into a
single tumor mass. (A) Diagram of the experimental paradigm in
which 5,000 CNS-1 rat glioma cells were simultaneously implanted
into right and left striatum. Four days later, saline or AdFIt3L and
AdTK were delivered into the right tumor mass. All animals were
treated with GCV 24 h later, twice daily for 7 days (25 mg/kg).
Animals were evaluated for survival or euthanized at different time
points to evaluate tumor progression. (B) To ensure tumor growth
and evaluate the neuropathology of tumors on the day of treat-
ment, animals were euthanized on day 4 prior to treatment, and
brains were evaluated by Nissl staining or by immunocytochemistry
(ICC) for myelin basic protein (MBP) or tyrosine hydroxylase (TH).
Scale bar = 1,000 um. (C) Survival curves of multifocal tumor-
bearing rats treated with either saline (squares) or AdFIt3L and
AdTK (triangles). Animals treated with saline (n = 7) all died by day
15. All animals treated with AdFIt3L and AdTK (n = 6) survived long
term. *p < 0.05 versus saline (Mantel-Haenszel log rank test).

King et al.: Multifocal glioma therapy

Animals treated with AdFIt3L and AdTK and surviving
to day 45 after GBM implantation were similarly evalu-
ated for neuropathology and immune cell infiltration.
Nissl staining revealed a scar at the injection site in both
hemispheres and ventriculomegaly with no other gross
alterations to the brain parenchyma (Fig. 7C). While
CD68, MHC 11, and CD8 were detected in both hemi-
spheres as at earlier time points during the tumor regres-
sion process (Fig. 7B), immune infiltration was limited
to the area immediate to the injection site 45 days after
tumor implantation (Fig. 7C).

Discussion

Attempts at brain tumor therapy through the induction
of an antitumor immune response have been marred by
their low translational efficacy in humans.>~% Human
tumors are spontaneous and slow growing, whereas
preclinical models rely on implantation of syngeneic or
allogeneic tumor cells into syngeneic or immunocom-
promised rodents, which results in death within weeks
after tumor implantation. In order to increase the clini-
cal translational efficacy of preclinical trials, testing of
novel therapeutics should be performed in models that
mimic characteristics of human GBM. To model the dis-
seminated nature of human GBM, we examined the effi-
cacy of AdFIt3L and AdTK in eradicating intracranial,
syngeneic, CNS-1 tumors implanted in two sites, when
the treatment is administered only to the primary tumor
mass.

We previously demonstrated that alterations to the
local brain tumor microenvironment by TK-mediated
tumor cell killing and Flt3L-induced recruitment of
antitumor macrophages and CD4 cells® are critical to
mounting an effective antitumor response. In the CNS-1
syngeneic intracranial tumor model of glioma, untreated
or saline-treated animals begin to succumb to tumor as
early as 15 days after tumor implantation.?3%35 Ani-
mals succumb to the disease because of compression
of the brainstem caused by the growing tumor. When
the combination of AdFIt3L and AdTK is used to treat
intracranial syngeneic GBM in Lewis rats, the efficacy of
the treatment decreases with increased tumor burden. If
a single large tumor is treated 6 days postimplantation,
100% of the animals survive up to 2 months; if treat-
ment is delivered 10 days postimplantation, the treat-
ment rescues around 70% of the tumor-bearing rats.3°
By implanting a second tumor on day 10 postimplanta-
tion and delivering the therapeutic vectors only into the
original tumor, we have increased tumor burden at the
time of treatment, which could reduce treatment effi-
cacy. Also, the host immune system plays a critical role
in eliminating the tumor, establishing a battle between
activating an effective antitumor immune response and
tumor progression.3°

Our treatment is effective in approximately 80% of
the treated, multifocal GBM-bearing animals in which
both tumors were implanted at the same time and only
one tumor mass was treated 4 days after tumor implan-
tation. In the multifocal tumor model in which the sec-
ondary tumor was implanted 10 days after implantation
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Fig. 7. Human soluble FMS-like tyrosine kinase 3 ligand (FIt3L) and herpes simplex virus type 1-thymidine kinase (TK)-mediated gene
therapy induces long-term regression of simultaneously implanted multifocal tumors. Five thousand CNS-1 rat glioma cells were simultane-
ously implanted into right and left striatum. Four days later saline (A) or adenoviral (Ad) vector expressing FIt3L (AdFIt3L) and an Ad vector
expressing herpes simplex virus type 1-thymidine kinase (AdTK) (B and C) were delivered into the right tumor mass. Twenty-four hours
later, all animals were treated with ganciclovir twice daily for 7 days (25 mg/kg). Animals were euthanized 5 days (A and B) and 40 days
(C) after treatment to evaluate tumor regression and neuropathology. Representative photomicrographs depict tumor (Niss| staining) and
immune infiltration (CD68, macrophages; major histocompatibility complex Il [IMHC 111, antigen-presenting cells; CD8, T cells). Nissl stain-
ing in A reveals growth of tumor in both sides to appreciable sizes following saline treatment, whereas B shows very small tumor masses and
C, absence of tumor, following Ad vector treatment in long-term survivors. Immunoreactivity to immune cells appears to be qualitatively
similar in both sides following saline treatment, whereas there is intense immunoreactivity in the side injected with Ad vector in comparison
to the contralateral side at day 9 after tumor cell implantation (5 days posttreatment). Immune cells could still be readily detected at 44
days after tumor implantation (40 days posttreatment). Scale bars = 1,000 wm (top A, B, and C panels) and 250 wm (photomicrographs in

lower panels). Arrows indicate side of treatment.

of the primary tumor and at the time of treatment, the
efficacy of the combined therapy is approximately 50%.
The delayed death of some of the tumor-bearing, treated
animals attests to the effects of the combined therapy
in inducing a delay in tumor growth. This is a result
of individual variability in the therapeutic responses, as
was observed by us and other groups implementing anti-
GBM therapies in vivo.?%30-59-64

Elimination of secondary untreated tumors located
in a different area of the brain could have relevance
for a wider application of AdFIt3L and AdTK in brain
cancer treatment. Our results could have implications
for leptomeningeal tumors and tumors metastasizing
to the brain from primary lung, breast, and melanoma
cancers,®~¢7 as well as tumors that often disseminate
through the cerebrospinal fluid (CSF), such as those
seen in pediatric medulloblastoma.®® Novel strategies
for these cancers have utilized replication-deficient
adenovirus,®>”? replication-competent reovirus,®s”! her-
pes simplex virus,®~'%72 and immunotoxin’? approaches
to slow but not eliminate tumor growth at therapeutically
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efficacious levels. Only the use of a replication-competent
herpes simplex virus vector resulted in long-term sur-
vival in a 9L model of disseminated glioma.®® Similar
effects have been observed in multifocal tumor models
outside of the CNS, including models of melanoma,
colorectal carcinoma, prostate cancer, and gallbladder
carcinoma, where treatment with replication-competent
herpes simplex virus resulted in an antitumor immune
response to eliminate tumors never directly transduced
by virus.”4~"7

Multifocal brain tumor models are preclinically use-
ful in at least two contexts: to develop novel treatments
that address the disseminated nature of gliomas,*~’8 and
to treat metastatic brain tumors.'” The majority of stud-
ies to date have utilized oncolytic replication-competent
herpes simplex virus vectors to target multiple tumor
foci in the brain®”!'° or the brain and CSF.®*”® In mod-
els of disseminated disease, treatment using intraarterial
delivery of oncolytic viruses is more effective in short-
term immunosuppressive environments where innate
immune responses to virus have been disabled.®”10 We



have demonstrated that the antitumor effects mediated
by expression of FIt3L in combination with TK plus
GCV3 within the intracranial brain tumor is able to
eliminate a distant tumor mass and prolong the survival
of the tumor-bearing immune-competent rodents.
Regardless of tumor treatment, CNS-1 tumors such as
human GBMs are highly infiltrated with macrophages.
AdFIlt3L/AdTK-mediated tumor regression requires both
macrophages and CD4 cells.>* Whether the macrophages
critical for tumor elimination are new infiltrating cells
or are resident cells that shift phenotypically depending
on the microenvironment of the tumor remains to be
determined. The high levels of survival with AdFIt3L
and AdTK suggest a synergy between altered microenvi-
ronment and systemic immune activation that eliminates
the tumor. While AdTK alone has been shown to trigger
immune activation preclinically,”=%3 in clinical trials the
strength of AdTK alone was insufficient to provide more
than modest survival improvements.>>%” AdFlt3L alone
has been shown to induce influx of IFNa-secreting plas-
macytoid DCs into the brain'® and improves survival in
small brain tumor models.?’ The combination therapy
of AdFIt3L with AdTK is effective against large, intra-
cranial syngeneic GBMs,3° providing very long-term
survival. Importantly, long-term survivors do not exhibit
any noticeable neuropathological changes beyond ven-
triculomegaly. We conclude that this ventriculomegaly
would be a consequence of tumor regression in response
to the treatment rather than induced by the combined
Ad delivery and therapeutic transgene expression, since
non-tumor-bearing animals receiving AdFIt3L and
AdTK and treated with GCV did not exhibit any struc-
tural or neuropathological changes. This indicates that
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this treatment, which upon GCV administration induces
death only of actively dividing cells, does not induce
damage to the normal brain parenchyma.

In summary, we have demonstrated that treatment
with AdFIt3L and AdTK/GCV can induce tumor regres-
sion of the primary, treated tumor mass and also of
tumor foci growing at distant sites in the contralateral
hemisphere without any long-term neuropathological
adverse side effects. These results suggest that this gene
therapeutic approach would be effective in eliminat-
ing cells that disseminate from the main tumor mass
throughout the normal brain parenchyma, and provide a
strong rationale for further developing these therapeutic
targets in order to implement this approach in a phase I
clinical trial for GBM.
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